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The ionic conductance of a nanopore shifts as a molecule slides through it, mak-
ing the nanopore a highly sensitive, single-molecule electronic detector. The
potential use of this technology for ultra-fast DNA sequencing has generated nu-
merous studies. Ultimately, any biopolymer — including proteins and polysac-
charides — could be sequenced using this technique.
We investigate the nanopore protein detection using type 1 pilus, a 7 nm-
diameter filamentous protein complex produced by uropathogenic Escherichia
Coli, as a model system. We find that, surprisingly, this negatively-charged
stiff rod slides through silicon nitrate pores in opposite direction to the elec-
trophoretic force. This behaviour highlights the importance of electroosmotic
flow, often overlooked, in the translocation of the molecules with low surface
charge. To explain our results, we design a finite-elements numerical model, elu-
cidating different regimes of the polymer translocation, defined by the polymer
surface charge and the pore wall chemistry. This work represents an encourag-
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Polymer sequencing with solid-state nanopores
In the 1990s, two teams came with the idea that pores could be used for sens-
ing single polymers, as they thread through. Bezrukov et al. demonstrated the
translocation of poly(ethylene glycol) molecules through a alamethicin pores in
1994 [1] while, two years later, Deamer and Branton showed α-hemolysin pores
could sense the passage of RNA and DNA [2].
The method used by the teams was very similar to a Coulter counter, which
detects single cells passing through a narrow channel by registering current vari-
ations. The setup consists in mounting a lipid bilayer membrane containing a
single protein ion channel in a flow-cell so it defines two compartments. Each
chamber is filled with electrolyte and a voltage difference is applied between them
using electrodes. This electric potential drives an ionic current through the pro-
tein nanopore, which is registered with the electrodes. This current is usually
designated as "baseline current". If a molecule nears the mouth of the pore, it
will be attracted by a combination of electrophoretic and drag forces and will
slide through the pore, temporarily blocking the pore and reducing the current
of ions. The detectable ionic current shift is a sensitive measure of the geometric
and chemical properties of the molecule blocking the pore, hence the nanopore
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acts as a single molecule electronic detector. Both the time of the molecule’s
translocation and the amount of current blocked give valuable information on
the molecule’s structure and charge.
This technology has generated great interest for its application in DNA se-
quencing. In 1999, it was proven that the current drop generated by the passage
of DNA bases through the nanopore was specific to their nature (pyrimidine or
purine)[3], hence it could give direct information on the DNA sequence. The
single-nucleotide resolution was achieved in 2012 by combining a protein pore
with the phi29 DNA polymerase, which controls the rate of translocation [4, 5].
This method offers the advantage of being ultra-fast and non-destructive. As
a result, protein nanopores have emerged as a strong commercial contender for
the next generation sequencing technology. Most notably, the Oxford Nanopore
Technology company commercialized the MinION, a sequencer based on the
above-mentioned technology [4, 5]. The sequence reads can be as long as 10kb,
with an average length of 5.4kb [6], which is much longer than for first and second
generations sequencers. Moreover, there is in principle no need for amplifying or
labeling the DNA.
The major challenge for using this kind of device as a DNA sequencer resides
in its low accuracy, arising from the difficulty to distinguish bases. Indeed, the
distance between two nucleotides in a single strand DNA is an order of mag-
nitude smaller than the length of the protein. Hence, the registered current
blockade corresponds to the concurrent effect of several bases in the pore. As an
example, the electrical signal in the MinION results from the blockade of 6 bases.
More recently, some teams started developing solid-state nanopores. These
devices are very similar to protein nanopores, except that the nanopore is drilled
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Figure 1: DNA detection by solid-state nanopores. (a) A thin insulating
membrane perforated with a nanopore is placed between two reservoirs filled
with KCl aqueous solution. When a voltage is applied between the reservoirs
thanks to Ag/AgCl electrodes, a baseline ionic current is detected. (b) If a
DNA molecule is introduced in the negatively biased chamber, it will diffuse
until it nears the nanopore where it will be electrophoretically driven towards
the positively biased chamber. Its passage will physically block the flux of ions,
inducing a significant decrease in ionic current usually called "current blockade".
(c) When the DNA goes out from the pore, the initial flux of ions is restored and
the current reverts to its basal level. Figure reproduced with permission from
ref. [7], ©2014 Springer
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into a thin free-standing insulating membrane, usually silicon nitrate (SiN). Fig-
ure 1 sketches the molecular translocation and detection of a DNA molecule.
The first solid-state nanopore used for DNA translocation was drilled with
ion beam sculpting in a SiN membrane by Li et al. in 2001 [8]. Since then,
other fabrication methods have been explored, the most common one now be-
ing transmission electron microscopy (TEM) drilling because it allows for highly
controllable and tunable pore diameters [9, 10].
With the rise of graphene and 2D-materials from 2004, scientists were finally
able to design solid-state nanopores with subnanometer thickness and enough
resolution to separate DNA bases. Indeed graphene, a 0.3nm-thick lattice of
carbon atoms arranged in a hexagonal structure, can exist as a insulator free-
standing membrane [11]. In 2010, three groups were able to describe translo-
cation events of double-stranded DNA sliding through graphene nanopores as
small as 5 nm large [12, 13, 14]. These pores were drilled into a graphene mem-
brane suspended over a larger hole drilled into a much thicker SiN membrane .
It was shown later on that the pore sensitivity could be maximized by reducing
the pore diameter [15]. Single-stranded DNA was detected in 2013 [16].
The major challenge graphene nanopores are facing resides in controlling the
DNA movement through the pore and decreasing its translocation velocity. The
DNA position in the pore fluctuates, leading to a confused signal. Moreover, it
typically slides through the pore at the speed of 0.01 µs to 1.00 µs per base, which
is too fast for the 100 kHz bandwidth imposed by the high ionic current noise.
Ways to overcome this limitation could be to reduce the graphene free-standing
area [15] or to use multilayered structures [14], but the road still appears to be
long for this device to reach the DNA sequencing market.
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Another trail to be explored is the use of solid-state nanopores as protein
sensors. Indeed, due to their beneficial chemical and mechanical robustness,
thermal stability, tunability in size, shape or surface charge density, solid-state
nanopores offer a much wider range of applications than biopores.
The protein detection and sequencing with nanopores potentially offers even
higher benefits than nanopore DNA sequencing, but the research field and the
technology are still in infancy. Due to a large size and varying shape of the
proteins, biopores are not applicable for protein detection, and all the initial
work has been done with solid-state nanopores. Different groups have observed
translocation of bovine serum albumine (BSA) [17, 18], β-lactoglobulin [19] or
maltose binding protein [20]. These experiments revealed contrasting translo-
cation behaviours compared to DNA, due to their globular structure and non-
uniform charge distribution [21].
Other polymers where studied with α-hemolysin pores: oligosaccharides [22]
or synthetic polymers like poly(ethylene)glycol [23, 24]. However, no such ex-
periment was performed with solid-state nanopores, although their tunability
makes them more adapted for this application.
Ultimately, solid-state nanopores could be used to sequence all kinds of poly-
mers, especially biopolymers such as DNA, protein or oligosaccharides. More di-
verse experiments are needed to unveil the general principles underlying nanopore
translocations and help advance the field towards polymer sequencing.
In this work, I decided to focus on the type 1 pilus as a case study for
biopolymer translocation through solid-state nanopores.
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(a) (b)
Figure 2: Type 1 pilus, a major virulence factor of uropathogenic E.
Coli. (a) Transmission electron micrograph of an E. Coli strain W3110 cell.
The bacteria were negatively stained with sodium phosphotungstate prior to
imaging. The scale bar represents 700 nm. (b) Attachment of UPEC to bladder
epithelial cells is mediated by type 1 pili adhesion to mannose receptors. This
step is critical in urinary tract infection. Figures reproduced with permission
from: (a) ref. [28], ©2002 Elsevier; (b) ref. [29]
Type 1 pili of uropathogenic Escherichia Coli
Type 1 pilus is a filamentous protein complex protruding from the surface of
uropathogenic Escherichia Coli (UPEC) (see Figure 2a). It is well-known as
one of the main virulence factor in urinary tract infection (UTI) [25]. Indeed, it
mediates adhesion of the bacteria to mannose receptors on the host cell, acting
as an efficient anchoring mechanism (see Figure 2b). As attachment is a critical
step for UPEC invasion of the bladder, type 1 pili form an attractive therapeutic
target for treating UTI, which affects about 40% of women in their life [26] and
is the seventh cause of death in Singapore according to the Ministry of Health
[27].
The architecture of the type 1 pilus is shown on Figure 3a. It is formed
of protein subunits, or pilin (FimA, FimF, FimG and FimH), assembled by an
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outer-membrane usher protein (FimD) with the help of a periplasmic chaperone
protein (FimC). All subunits are connected by donor-strand complementation,
a noncovalent interaction formed by the insertion of the donor subunit strand
into the previous subunit groove.
The pilus is divided in two substructures: a few thousands of FimA subunits
form the pilus rod, while FimF, FimG and FimH form the pilus tip.
The pilus tip measures from 10 nm to 19 nm over 3 nm [30, 28] and insures
attachment to the host thanks to the presence of the FimH adhesin protein
containing an N-terminal lectin domain. The pilus rod measures from 1 µm to
2 µm over 6.9 nm to 7.0 nm [31, 28]. FimA monomers are arranged into a right-
handed helical quaternary structure (19.31nm-long repeats comprise 27 FimA
subunits forming eight turns [28]).
A hybrid structure of the type 1 pilus was recently unveiled [32], combining
data from nuclear magnetic resonance (NMR) spectroscopy, scanning transmis-
sion electron microscopy and solid-state NMR (see Figure 3b). The axial rise
was confirmed to be 7.16Å per subunit.
Interestingly, the helical structure presents a spring-like behaviour: it can
unfold and refold to resist urine flow. Pili were shown to elongate under forces
of 30 pN to 60 pN ([34, 35]).
The rod shape of the type 1 pilus, as well as its uniform charge distribu-
tion, makes it an ideal candidate for translocation experiments. Sequencing its
subunits arrangement could represent an easy-start towards polymer sequencing.
Here, I present experimental studies and numerical modelling of type 1 pilus
translocation through SiN nanopores. To my knowledge, this is the first report
of translocation of protein complexes of well-defined charge and shape. Type 1
7
(a) (b)
Figure 3: Type 1 pilus helical structure. (a) Protein structure. FimH,
FimG, FimF and FimA subunits are exported from the usher prtein FimD with
thte help of the chaperone FimC. FimH, FimG and FimF form the pilus tip (a
few nanometers long) while more than a thousand of FimA subunits form the
pilus rod (1 nm to 2 nm long, 6.9 nm to 7.0 nm wide). (b) Hybrid structure of
the type 1 pilus (PDB ID: 2MX3). Figure reproduced with permission from: (a)
ref. [33], ©2014 Elsevier; (b) ref. [32], ©2014 Wiley
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pili showed a rarely studied behaviour of translocation in opposite direction to
electrophoretic force. This highlights the importance of electroosmotic flow for
low-charged polymers translocation, a regime not observed for the translocation
of highly-charged DNA molecules. Hence, it is important to move beyond the
body of knowledge collected only for the DNA translocations, to fully compre-




1.1 Strains used in the study
The E. Coli strain SLC-490 was used in this study to produce type 1 pili. This
strain is phase locked ON, which means the fimS promoter of the fim operon
encoding for pilins is locked in a position leading to continuous pili production.
The parental strain is UTI89, a clinical isolate [36].
All relevant characteristics of other bacterial strains used for this work are
listed in Table 1.1.
1.2 Type 1 pili extraction and characterization
1.2.1 Pili extraction
The purification of type I pili was adapted from Dodd et al. [37]. Single bacterial
colonies were grown overnight in 50mL of LB, then transferred to 800mL of LB
and grown for another 3 h to 4 h. Finally, bacteria were diluted 10 times and
grown overnight in 8L of LB. The cells were spun down and resuspended in
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Strains Genotype and/or relevant characteristics
SLC-490 UTI89 Fim locked ON
SLC-716 SLC-490 transformed with pKM208
SLC-721 SLC-490 FimA::kan-PrhaB-relE












Table 1.1: Strains used in the study.
2.2L of 0.5% NaCl for washing, then resuspended in 220mL of 5mm Tris-HCl,
pH8. The suspension was added to a Moulinex blender in order to mechanically
shear the pili from the bacteria. At 4 ◦C, 110mL of cells were blended for five
times two minutes, with two minutes of cooling between each round of blending.
The process was repeated with the other 110mL. Cells were pelleted at 9000 g
for 6min and discarded. The supernatant containing the pili was collected and
further centrifuged at 9000 g for 6min, then 27 000 g for 30min. The pili were
finally pelleted by ultra-centrifugation at 53 000 g for 2 h and stored at −80 ◦C.
1.2.2 SDS-Page gel electrophoresis
Proteins were separated using a 15% SDS-Page gel (pH8.8) with a 5% SDS-Page
stacking gel (pH6.8). In order to denature the pili, samples were boiled at 95 ◦C
for 10min in acid prior to loading. For pili pellets resuspended in 200 µL of 5mm
Tris-HCl, 10 µL of pili were mixed with 10µL of 4x loading dye and 2 µL of 1m
HCl, then boiled. Charges were neutralized by adding 2 µL of 1m NaOH.
The gel was run at 0.02A for 1 h, stained with Coomassie blue for 1 h on a
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"Belly Dancer" shaker and unstained with destaining solution overnight.
1.2.3 Western Blot
An SDS-Page gel was loaded with bacterial cell cultures resuspended in 1x pro-
tein loading dye and boiled with acid as previously described (20 µL of cell sus-
pension with 2 µL of HCl). Proteins were transferred to a nitrocellulose mem-
brane by electroblotting (15V for 45min). Non-specific interactions were blocked
by shaking the membrane with 5% milk dissolved in Tris buffer saline (TBS) for
30min. The membrane was then incubated for 2 h in presence of the primary an-
tibody diluted 1:3000 in TBS (primary antibody is a polyclonal rabbit antibody
specific to type 1 pili), rinsed and exposed to secondary antibody (1:5000, Amer-
sham ECL HRP-conjugated anti-Rabbit IgG, GE Healthcare, Singapore) for 2
more hours. After rinsing, binding of antibodies was revealed with Amersham
ECL Select Western Blotting Detection Reagent (GE Healtcare, Singapore) and
the membrane was imaged with the ChemiDocTM MP system (BioRad).
1.2.4 Transmission electron microscopy imaging
Pili pellet extracted as previously described were resuspended in 800 µL of 5mm
Tris-HCl. Negatively stained specimens for TEM were prepared by applying
20 µL of sample on glow discharged 200 mesh carbon-coated formvar support
films mounted on copper grids (Ted Pella, Inc.). The sample were allowed 1min
to adhere, then the grids were rinsed with water twice and stained for 1min with
1% uranyl acetate.
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1.2.5 Atomic force microscopy imaging
Silicon dioxide (SiO2) was chosen as the substratum for this work. The SiO2
pieces were cleaned by boiling in piranha solution (1:3 ratio of sulfuric acid H2SO4
and hydrogen peroxide H2O2) at 160°C for 1 h, rinsed with DI water several times
and sonicated into DI water for 15min. After cleaning, the pieces were dried
with N2 and placed in a vacuum chamber for at least 20min. Finally, SiO2
was functionalized with (3-Aminopropyl)triethoxysilane (APTES, 98%, Sigma-
Aldritch) to make the surface positively charged. APTES was placed in a small
container in the top part of a 500mL vacuum filter and argon was injected by
the vacuum outlet and continuously flushed into the chamber to avoid APTES
to react with air. AP-SiO2 was prepared by placing the clean pieces of SiO2 at
the top of the chamber for 2 h.
Pili samples resuspended in 5mm Tris-HCl were allowed 20min to absorb
on the SiO2 wafer, then the wafer was rinsed twice with DI water and dried
with N2. AFM images were acquired using the tapping mode of an Asylum Re-
search Cypher AFM with tips made of n-type silicon and coated with aluminium
for detection (MikroMasch). According to the manufacturer, tips radius sized
approximately 8 nm and spring constants ranged from 0.2Nm−1 to 7Nm−1.
1.2.6 Zeta potential measurements
Pili pellets resuspended in 200 µL of 5mm Tris-HCl were diluted 1:100 in the
solution of interest (5mm Tris-HCl with or without KCl). Zeta potentials were
measured at 25 ◦C by a Zetasizer Nano ZS (Malvern Instruments). Each mea-
surement was repeated 3 to 5 times.
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1.2.7 Measurement of aggregation with UV-Vis absorbance
Pili pellets resuspended in 200 µL of 5mm Tris-HCl were mixed with different
detergents and ionic species (final dilution of pili is 1:5, total volume is 10 µL).
After incubating overnight, absorbance between 220 nm and 750 nm was recorded
with a NanoDrop 8000 Spectrophotometer (Thermo Scientific). To reduce noise,
the log values of absorption between 301 nm and 349 nm were interpolated with
a linear function. Because the concentration of pili was fixed, the absorbance
value extrapolated from the linear regression at 300 nm was considered to be
directly linked with aggregation [38].
1.2.8 Measurement of aggregation by dynamic light spectroscopy
Pili pellets resuspended in 200 µL of 5mm Tris-HCl were diluted 1:100 in the
solution of interest (5mm Tris-HCl with or without urea, different pH), the day
before the measurement. DLS was measured at 25 ◦C by a Zetasizer Nano ZS
(Malvern Instruments). Each measurement was repeated 2 to 3 times.
1.3 Nanopore experiments
1.3.1 Nanopore fabrication
530 nm-thick silicon chips were coated on both sides with a 250 nm-thick layer
of SiN. UV-lithography and reactive ion-etching were used to precisely remove
the top SiN on 800 square micro-chips. Silicon was etched with KOH until the
bottom SiN appeared on the micro-chips. After dicing, two different techniques
could be used for drilling pores: focused ion-beam (FIB) or focused electron
beam (after pre-thinning the 300 nm-thick SiN layer to approximately 1/3).
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1.3.2 Mounting of the chip
The nanopore was cleaned with base piranha solution (1:3 ratio of ammonium
hydroxide NH4OH and hydrogen peroxide H2O2). The different components of
the custom-made microfluidic cell were cleaned by sonication in water for 5min
and in pure hydrochloric acid for two times 5min. Each piece was carefully dried
with N2. Polydimethylsiloxane (PDMS) gaskets were kept in ethanol and assem-
bled first on the two half-cells made of polyether-ether-ketone. The nanopore
chip was then placed between the two gaskets and cleaned with air plasma for
5min. The fluidic cell was then assembled in DI water to avoid any contami-
nation from air particles, connecting first the two stoppers, then the Ag/AgCl
electrodes, the inlets full of KCl solution and finally the outlets. The chip was
placed in a black chamber on air cushion to avoid any disturbance from the
environment (floor vibrations, light...). After the experiment, the microfluidic
cell components were cleaned again by sonication and the Ag/AgCl electrodes
were regenerated by attaching the ends together and placing them into Clorox
for around 30min.
1.3.3 Signal recording
A potential was applied across the membrane using Ag/AgCl electrodes inserted
in opposing chambers. The current was recorded at 250 kHz sampling rate (1
point every 4 µs) using an Axon Axopatch 200B patch-clamp amplifier and low-
pass filtered with an internal filter at 100 kHz and an external filter at 50 kHz.
The Clampfit software was used to visualize the recorded signals.
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1.3.4 Signal processing
A custom-built Matlab software was used for analysing the translocation events
in terms of current blockade and translocation time.
1.4 E. Coli mutations
1.4.1 Media and culture conditions
Cells were grown in LB media at 37 ◦C with shaking if not stated otherwise.
Ampicillin (100 µgL−1, Sigma-Aldrich, Singapore) was used for plasmid mainte-
nance and kanamycin (25 µgL−1, Sigma-Aldrich, Singapore) was used for pos-
itive selection. M9 agar was supplemented with 0.2% rhamnose for negative
selection (PrhaB-driven toxin).
1.4.2 Red recombinase expression
Red recombinase was expressed from the pKM208 helper plasmid [39] (see Ta-
ble 1.2). Overnight cultures were diluted 1:100 into 50mL of fresh media and
grown until OD600 reaches 0.55 to 0.6. Cells were harvested by centrifugation
at 5000 rpm for 10min and made competent by washing two times with cold
(4 ◦C) sterile water. They were then resuspended in 150 µL of 10% glycerol and
frozen at −80 ◦C in aliquots of 50µL. 2 µL of pKM208 plasmid (177 ng µL−1)
was transformed by electroporation into thawed competent cells placed in a 1mm
electroporation cuvette. GenePulser XCEL (BioRad, Singapore) was set to an
output voltage of 1700V, capacitance of 25 µF and resistance of 400W. Cells
were recovered in 1mL of LB at 30 ◦C for 2 h with agitation, then plated on
ampicillin plates and grown overnight.
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Name Genotype and/or relevant characteristics Source/reference
pSLC-217 Positive-negative selection cassette (kan-
PrhaB-relE) derived from pKD4 template
plasmid
Khetrapal et al., 2015 [40]
pKM208 Source of Red recombinase Murphy and Campellone, 2003 [39]
Table 1.2: Plasmids used in the study.
1.4.3 Polymerase Chain Reactions
When PCR required high accuracy, I used Phusion high-fidelity DNA polymerase
(Thermo-Fisher Scientific, Singapore). 1x Phusion HF buffer was supplemented
with 200 µm dNTPs, 0.25 µm primers, 80ng to 100 ng template and 0.02U µL−1
polymerase. Reactions were held at 72 ◦C for 3min, cycled 34 times between
98 ◦C (10 s), 55 ◦C (30 s) and 72 ◦C (30 s per kbp to replicate) and finished at
72 ◦C for 10min.
For low accuracy PCR, I used DreamTaq DNA polymerase (Thermo-Fisher
Scientific, Singapore). 1x PCR buffer was supplemented with 1.4m betaine,
200 µm dNTPs, 20pm primers and 0.05U µL−1 polymerase. Reactions were held
at 95 ◦C for 5min, cycled 34 times between 95 ◦C (30 s), 55 ◦C (30 s) and 72 ◦C
(1min per kbp to replicate) and finished at 72 ◦C for 10min.
1.4.4 Double crossover homologous recombination
I reproduced the protocol developed by V. Khetrapal [40].
Plasmids and primers used for cloning are listed in Tables 1.2 and 1.3 re-
spectively. For FimA knock-out, the positive-negative selection cassette was
amplified by Phusion PCR from pSLC-217 template using the P1 and P2 uni-
versal primers for pKD4 with extra 50 bp FimA homology regions. Mutations
were introduced by overlap extension Phusion PCR, using P3 and P4 as end
primers. Product DNA were concentrated by spinning in 0.5mL centrifugal fil-
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ter units (Amicon Ultra, Merck Millipore) and concentrations were assessed us-
ing the NanoDrop 8000 Spectrophotometer (Thermo Scientific). Target strains
transformed with pKM208 were grown overnight into LB-ampicillin at 30 ◦C
with shaking. After a 1:100 dilution into fresh media, cells were grown in the
same conditions to OD600 =0.2 to 0.3 and induced with 1mm Isopropyl β-D-1-
thiogalactopyranoside (IPTG) for 30 to 45 more minutes. Bacteria were then
heat shocked at 42 ◦C for 15min, swirled on ice for 15min and finally made com-
petent by washing two times in cold (4 ◦C) sterile water. 50 µL aliquots were
frozen in 10% glycerol at −80 ◦C. In order to perform double crossover ho-
mologous recombination, competent cells were electroporated with 1 µg of PCR
product, using 1500V output voltage instead of 1700V. Cells were recovered in
1mL of LB and grown for 2 h at 37 ◦C with agitation, followed by 2 h in static
conditions. Finally, cells were plated on selective plates and incubated overnight
(for kanamycin selection after FimA knock-out) or for 48h (for rhamnose selec-
tion after FimA mutation) at 37 ◦C.

















































































































Table 1.3: Primers used in the study.
1.4.5 Diagnostic PCR and Sanger sequencing
I scanned for strains with correct insertion and replacement of the selection
cassette by colony DreamTaq PCR reactions. P3 and P5 were used to check
for insertion, P3 and P4 for replacement. Strains that appeared correct where
confirmed by Sanger sequencing (1st Base, Singapore) of the diagnostic Phusion
PCR products.
1.4.6 Hemagglutination assay
A short qualitative hemagglutination assay can be performed by mixing, on a
microscope slide, a droplet of overnight grown cells with a droplet of fresh guinea
pig blood diluted in 1:20 PBS. After mixing by gently tapping the slide for a
minute or two, the aggregates become clearly visible under optical microscope
(X10).
For quantitative results, protocol from Chen et al. was followed [41] (inspired
by previous work from Hultgren et al. [42]). Overnight cell cultures were pelleted
and diluted in PBS to OD600 = 1± 10%). 1.5mL of these bacterial suspensions
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were pelleted again (6200 rpm, 10min) and resuspended in 150 µL of PBS. 25 µL
of this was serially diluted in two duplicate rows of a 96-well V-bottom plate
where each well contained 25µL PBS (dilution ranged from 1:2 to 1:4096). 25 µL
of fresh guinea pig blood (diluted in 1:20 PBS) were added to each well. The
plate was then agitated by gentle tapping, sealed and placed at 4 ◦C overnight.
Hemagglutination titres are reported as the greatest dilution of cells that resulted
in visible clumping of red blood cells.
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Chapter 2
Type 1 pili translocation
through SiN nanopores
2.1 Purification and characterization of type 1 pili
Pili were extracted as described in the materials and methods section (1.2).
Purification efficiency was confirmed by SDS-Page gel electrophoresis (Figure
2.1a).
Pili could then be imaged by TEM and AFM (Figures 2.1b and 2.1c), which
made me able to describe their size distribution, an important parameter for
translocation behaviour.
2.1.1 Size
Size distribution was unveiled by manually measuring 400 pili on a 7× 7µm AFM
image. The distribution could be fitted by a log normal function with a mean
〈lpilus〉 = 211nm and a standard deviation s(lpilus) = 0.67 (Figure 2.2). The
longest pilus measured 1159 nm. Giving the fact that the pili are mechanically
sheared and hence shortened, these findings are in perfect agreement with data
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(a) (b) (c)
Figure 2.1: Pili purification. (a) SDS-Page gel gradient. Lane 1: 10 kDa to
245 kDa prestained protein ladder. Lane 2: type 1 pili preparation boiled with
acid for 10min. A single protein band of 18 kDa (FimA mass) is expected. (b)
Transmission electron microscopy image (×25K) of negatively stained purified
pili. (c) Atomic force microscopy image of purified pili.
from pili on live organisms, which are known to size from 0.5 µm to 2 µm [31].
2.1.2 Charge
The pilus surface charge σpilus is a major parameter for translocation experi-
ments.
It is possible to analytically estimate σpilus, knowing the charge of a single
FimA and the pilus structure.





By homology to the FimA protein from E.Coli strain K12, it is most probable
that the first 23 amino acids form a signal peptide. As a result, FimA protein
includes 12 negatively charged amino acids (9 aspartames and 3 glutamic acids)
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Figure 2.2: Pili size distribution. Size distribution was unveiled by manually
measuring 400 pili on a 7× 7µmAFM image. The histogram was fitted with a log
normal function between 25 nm and 1200 nm (〈lpilus〉 = 211nm, s(lpilus) = 0.67).
Under 25nm, pili could not be distinguished from dust.
and 8 positively charged amino acids (3 arginines and 5 lysines). This gives a
total of 4 negative charges per FimA at pH ' 8. Considering that the pilus
helix is formed by a repeat of 27 FimA every 19.31 nm and has a diameter
dpilus = 6.9nm [28], I can calculate the surface charge:




In this calculation, I did not take into account the tertiary structure of FimA
(some charges may be hidden in the protein core) nor the quaternary structure
of the pilus (some charges may be hidden in the interior of the helix). It is
therefore important to compare this result with experimental data.
The simplest way to deduce σpilus from measurement data is to measure the
zeta potential value ζpilus. Indeed, if I use the solution of the Poisson-Boltzmann
equation in cylindrical coordinates (in the linear Debye-Hückel limit, cf. [43])
at a distance κ−1 from the pilus wall, where the potential is equal to the zeta
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potential (cf. 2.3a), I find the following relation between ζpilus and σpilus :
ζpilus = −4pi|σpilus|
ε ε0 κ






ε ε0 kB T







is the Debye length, ε the vacuum permittivity, ε0 the relative permittivity
of water, K0 and K1 modified Bessel functions of second kind, [K+] and [Tris+]
the concentrations in potassium ions and Tris acidic form in molm−3, kB the
Boltzmann constant, T the temperature, e the elementary charge and NA the
Avogadro constant. It is worth noting that this equation is only true if the
potential gradient at an infinite distance from the pilus is equal to zero.
Zeta potential was hence measured for different salt concentrations and ex-
perimental data were fitted with the equation 2.1. Values correspond to a surface
charge somewhere between −1.7mCm−2 and −3.6mCm−2 (blue curves on Fig-
ure 2.3b). The concentration of Tris acidic form, estimated thanks to pH and
pKa values, was fixed at [Tris+] = 2mm.
The measured surface charge is then about 1/25th and 1/10th of the ana-
lytical value. This ratio seems reasonable when considering that the protein is
folded and forms the helical structure.
2.1.3 Aggregation
Aggregation would cause important problems for translocation experiments, so
I decided to quantify it under several buffer conditions.
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(a) (b)
Figure 2.3: Pili charge. (a) The interfacial double layer is formed by two
parallel layers: the Stern layer (between the pilus and the Stern plane), where
ions are absorbed to the surface by chemical reactions, and the diffuse layer
(between the Stern plane and the slipping plane), where ions are attracted to
the surface by Coulomb forces. After the slipping plane, the fluid is not attached
any more to the particle. This cloud of ions screens the pilus surface charge
and induces the electric potential decrease away from the pilus wall. The zeta
potential is the value of the electric potential on the slipping plane, i.e. at a
distance κ−1 from the pilus wall. (b) Data points were obtained with a Zetasizer
Nano ZS (Malvern Instruments) as described in materials and methods. Error
bars are standard deviations between three repeated measurements of the same
sample. Blue curves were calculated with equation 2.1 for σpilus = −1.7mCm−2
and σpilus = −3.6mCm−2.
A first way to assess aggregation is to measure absorbance of light over
300 nm [44]. Absorbance at 280 nm is usually used to unveil protein concen-
tration because it is mainly due to absorption of aromatic residues in the pro-
teins. However, between 300 nm and 350 nm, the aromatic absorption is minimal
and absorbance is a consequence of light scattering by protein aggregates in the
solution.
Solutions with increasing concentrations of urea can be used as a control as
urea, a protein denaturant, is known to dissolve aggregates. As can be seen in
Figure 2.4a, absorbance at 300nm exponentially decreases with increasing urea
concentrations, validating our assay.
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We expect that increase in KCl concentration would lead to increased charge
screening, decreased electrostatic repulsion between the molecules and, hence,
increase in unwanted aggregation. My simple assay reveals no dramatic aggre-
gation behaviour with increasing KCl concentrations: as highlighted in Figure
2.4b, the absorbance seems relatively stable.
As shown in Figure 2.4c, urea could be used to further decrease pili aggrega-
tion in an ionic buffer (absorbance is reduced to approximately half of its original
value after the addition of 1M of urea).
(a) (b) (c)
Figure 2.4: Pili aggregation measured by absorbance. A high absorbance
corresponds to higher degree of aggregation. Data points are mean values from
5 replicates from a single experiment. Error bars are standard deviations. Ab-
sorbance at 300 nm was extrapolated from absorbance values between 301 nm
and 349 nm as explained in materials and methods 1.2. (a) Absorbance versus
urea concentration (in molar). Data points were fitted by an exponential curve
(y0 = 2.79× 10−2, A = 8.95× 10−2, τ = 1.24m, dashed curve). (b) Absorbance
versus KCl concentration (in molar). The dashed curve is the constant func-
tion y = 7.47× 10−2. (c) Absorbance versus urea concentration (in molar) with
1M KCl. Data points were fitted by an exponential curve (y0 = 4.86× 10−2,
A = 1.96× 10−2, τ = 1.60× 10−1m, dashed curve).
Another way to evaluate aggregation is to use dynamic light scattering (DLS).
This technique exploits Brownian motion to determine the size of small spherical
particles in suspension. In the case of pili solution, because of the rod-shape of
the pilus, the measured size does not correspond to any real parameter, but is
the size spherical particles would have if they scattered the light the same way
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pili do. I hence define this size as an effective size, and make the hypothesis that
it positively correlates with aggregation.
As can be seen in Figure 2.5a, this hypothesis is reasonable: pili have a
larger effective size without urea than with urea. Aggregation dependence on
pH is described on Figure 2.5b: the average effective particle size is very low
for extreme pH and peaks around pH=4. Interestingly, this pH is very close
from FimA isoelectric point (pH value at which FimA carries no charge), which
can be analytically approximated (pI=4.7, dotted blue curve on Figure 2.5b) or
experimentally approached by zeta potential measurements (pI'4.4, blue circles
on Figure 2.5b). As a result, pili aggregation is negatively correlated with FimA
absolute charge. Working at high pH should allow us to avoid interference due
to big aggregates.
(a) (b)
Figure 2.5: Pili effective size measured by dynamic light scattering Data
points are mean values from 2 (a) or 3 (b) repeated measures. Error bars are
standard deviations. (a) Mean effective size (in nm) with and without urea.
(b) Mean effective size (in nm, black dots), FimA normalized theoretical charge
(blue dashed curve, calculated with the online software Protein Calculator v3.4)
and pili zeta potential (blue circles) versus pH.
These prerequisite information helped me design and interpret the translo-
cation experiments.
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Figure 2.6: Type 1 pilus detection by a solid-state nanopore. The applied
voltage draws a pilus into the nanopore, where it blocks a measurable amount
of ionic current. The detail sketches the type 1 pilus 7 nm wide helix structure
made of several hundreds of FimA repeats, with a theoretical surface charge
density of −41.3mCm−2.
2.2 Translocation through the nanopore
Figure 2.6 illustrates the basic principle of the experiment, similar to DNA
translocation (the pilus rod shape and uniform charge suit it well for nanopore
translocation). A nanopore drilled in an 80 nm-thick silicon nitride membrane is
placed between two reservoirs of buffered salt solution. A voltage V0 is applied
across the membrane, resulting in an ionic current I through the pore. Once pili
are introduced in one of the reservoirs, they are drawn through the nanopore,
causing drops in current I. Strikingly, translocation events were recorded when
pili were placed into the positively biased reservoir. This rarely observed be-
haviour indicates that translocations were not driven by electrophoresis but by
another force in the opposite direction, probably the drag force induced by elec-
troosmotic flow [45]. This situation will be discussed in more details in section
2.3.
Figure 2.7a shows a typical time trace for I after pili were added into the
positively biased reservoir. The voltage V0 was 120mV and both reservoirs con-
tained 1m KCl with 5mm Tris-HCl, pH adjusted to 11 with KOH. The buffer
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conductivity was measured to be 11Sm−1. Before the experiment, the nanopore
was imaged by TEM and sized 10nm of diameter. During the experiment and
before the exhibited trace was recorded, the nanopore was flushed for 1 hour
with KOH because of clogging, inducing its widening. The open nanopore cur-
rent can help us calculate the actual diameter of the pore at the instant the trace
was recorded. Indeed, as explained in [46], the conductance of the pore GSiN is








where σ is the bulk conductivity and lSiNeff the effective nanopore length,
taking into account its hourglass shape.
The open nanopore current on Figure 2.7a was −26.9 nA. With an applied
voltage of 120mV, this gives a conductance GSiN = 0.22µS. The length of the
pore is approximately 80nm (250 nm of SiN prethined to a third of its thickness)
so I can use lSiNeff = 34nm (less than half the actual pore thickness [46]). As a
result, I find d = 39.9nm, which seems reasonable given the known pore diameter
before KOH etching.
Translocation events induce visible blockades of I, distinguishable from the
baseline current in Figure 2.7a. When zooming in (Figure 2.7b), we see these
events all present the usual rectangular shape increase in current, with a similar
amount of current blocked ∆I but varying event duration times τ .
Figure 2.8a and 2.8b show the distribution of translocation times and current
blockades, respectively, for 82 translocation events we recorded. The distribu-
tion in current blockades is very narrow (log normal fit with a scale parameter




Figure 2.7: Current blockades during pili translocations. (a) Typical
time trace of I from a 40 nm-diameter pore, recorded with V = 120mV in a 1m
KCl solution at pH11. (b) Eight randomly selected representative traces of ∆I
from the previous recording. The depths of current blockades are very similar
but the duration is very variable. Moreover, the amount of current blocked
stays relatively stable over the course of each signal. These characteristics are
consistent with the translocation of rod-shaped pili of different sizes.
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(a) (b)
Figure 2.8: Electrical signature of type 1 pili translocation through the
nanopore. (a) Current drop distribution could be fitted by a log normal dis-
tribution (blue dashed curve, 〈∆I〉 = 0.62 nA, s(∆I) = 0.19). (b) Translocation
time distribution could be fitted by a log normal distribution (blue dashed curve,
〈τ〉 = 46µs, s(tau) = 1.33). Events with translocation times below 20 µs were
not included in the fit.
a spread of s(τ) = 1.33. This is expected, since the current blockade is pro-
portional to the pilus diameter, and the translocation time is proportional to
the length of a pilus — although all the pili have the same diameter, they have
largely varying length (ranging from 50nm to 1000 nm).
The mean current drop is 〈∆I〉 = 0.62nA. It is crucial to compare this
value with the expected one, knowing the pilus diameter. According to ref.
[46], the conductance of the pore with a pilus in it can be simply expressed as
Gwith pilus = GSiN (deff ) where deff =
√
d2SiN − d2pilus. As a result,








∆I = ∆G× V0 = (GSiN −Gwith pilus)× V0 = 0.58nA.
This value is very close to measured average value 〈∆I〉, which is a strong
argument to prove that current blockades are indeed caused by pili passage
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Figure 2.9: Forces in play. The electrostatic force (left panel) acts between
the negatively charged pilus and the positive electrode. A drag force, FEOM ,
is created by the electroosmotic flow through the pore (middle panel). Another
drag force, FStokes, opposes the movement of the pilus (right panel).
through the pore.
In order to explain the translocation direction and kinetics, we need a deeper
comprehension of the forces in play.
2.3 Discussion on the forces in play
As shown on Figure 2.9, two forces of opposed directions are applied to an
immobilized pilus inside a pore: FES , the electrostatic force, and FEOM , a drag
force caused by the electroosmotic flow through the pore. This flow is caused by
the electrophoretic motion of counterions screening the membrane walls and the
pilus (which are both negatively charged).
The difference between these two forces fully determines the direction and
velocity of translocation [47].
By definition, we have the following expressions:












where λpilus is the pilus linear charge, µ the fluid viscosity and uz the fluid
velocity in the z direction.
The difference between the two forces is proportional to the difference be-
tween the two surface potentials [48] :
FEOM
FES
= 1− 2εε0 [ΦSpilus − ΦSSiN ]
σpilus dpilus ln(dSiN/dpilus)
(2.6)
This most probably explains why, in my experiment, I see translocation to-
wards the negatively biased reservoir: the pilus surface charge (around−5mCm−2)
is much lower (in absolute value) than the SiN membrane surface charge (be-
tween −30mCm−2 and −60mCm−2 for pH8 to pH11 [49]). As a result, the pilus
surface potential is lower (in absolute value) than the SiN membrane surface po-






> 1 and pili translocate towards the negative bottom chamber on Figure
2.9.
In the case of a free translocating pilus, a third force FStokes is applied.
This frictional force, known as Stokes’ drag, is a drag force induced by the
movement of the pilus relatively to the surrounding fluid (not to be confounded
with FEOM , drag force induced by the movement of the fluid relatively to the







If I make the hypothesis that the acceleration is null during translocation,
then FStokes perfectly balances the two other forces and
FES − FEOM = FStokes = µ 2pi lSiNln(dSiN/dpilus) vtrans (2.8)
A quantitative description of FES and FEOM would allow me to calculate
vtrans and confirm the link between experiment and theory. This was the first
motivation for building a numerical model of my experiment. This simulation
will also allow me to carefully study the effect of various parameters on the force
balance and help me develop a fully general understanding of the dynamics of





The model was inspired from a work published by Lu et al. [50] and built using
the COMSOL Multiphysics 5.0 package (COMSOL Inc.), a finite-element based
solver.
3.1 Parameters
Unless otherwise stated, the parameters used in the model are given in the Table
3.1.
3.2 Model geometry
In order to simplify the model, I considered a pilus translocating through the
centre of the nanopore. Hence, an axially symmetric geometry can be applied to
describe the problem. All variations in electric field, electrolyte concentrations
and fluid velocity in the overall volume can be deduced from what happens in a
half-plane defined by the rotation axis and a radial vector.
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Symbol Description of the parameter Value
dpilus Diameter of the pilus 7 nm
lpilus Length of the pilus 100 nm
dSiN Diameter of the pore 20nm
lSiN Thickness of the SiN membrane 80nm
α Angle of the pore 30° (TEM) or 45° (FIB)
D Diameter of the chamber 2 µm
V0 Applied potential 100mV
c0 KCl molarity 1 M
σpilus Pilus surface charge −10mCm−2
σSiN Membrane surface charge −30mCm−2
F Faraday constant 96 320Cmol
ρ Fluid density 1000 kgm−3
µ Fluid dynamic viscosity 10−3 Pa s
εr Relative permittivity of water 80.2
ε0 Vacuum permittivity 8.854× 10−12 Fm−1
T Temperature in Kelvin 293.15K
Di Ions diffusion coefficient 10−9m2 s−1
ui Ions mobility 1F × 73× 10−9m2V−1 s−1
Table 3.1: Parameters of the model.
Two types of geometry were build to describe both TEM-drilled nanopores
(their shape is known thanks to tomography studies [51]) and pores drilled with
focused ion beam (FIB) (Figure 3.1). As can be seen, the model consists in two
semi-spherical reservoirs (radius of 1 µm) separated by a 80 nm-thick membrane.
The nanopore is hourglass-shaped in case of TEM drilling and conical in case of
FIB drilling, both defined by an angle α (30° in case of TEM drilling, 45° for
FIB). The pilus is simply modelled as a cylinder of 7 nm of diameter and 100 nm
of length, immobilized in the centre of the pore.
3.3 Physical description
Three coupled equations are needed to fully describe the problem: the Poisson
equation, the Navier-Stokes equation and the Nernst-Planck equation. The sys-
tem was then solved using COMSOL Multiphysics package.
The Poisson equation describes the electrical field created by a given charge
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Figure 3.1: Pore geometries. The grey zone represents the electrolyte, while
the transparent zones are the SiN membrane, the pilus and the limits of the
reservoirs. The red line at r=0 is the symmetry axis. (a) Hourglass-shaped
TEM-drilled nanopore. (b) Conical FIB-drilled nanopore.
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where V, ρf , 0 and r are respectively the electric potential, the charge
density, the vacuum permittivity and the relative permittivity of water. In our
case, the charge distribution is directly linked to the ions density, hence we can






where F is the Faraday constant, c1 is the local concentration in potassium ions
(with a valence z1 of 1) and c2 the concentration in chloride ions (valence z2 of
-1).
The Navier-Stokes equation captures viscous fluid motion. In case of an incom-
pressible fluid at equilibrium, it can be expressed as
−∇p+ µ(∇2u) + F = −ρ(u · ∇)u (3.3)
where p is the pressure, µ, ρ and u the fluid viscosity, density and velocity
and F an external force. The nanopore dimension being very small, the Reynold
number will be very small and I can consider I work with a laminar flow. Hence,
the second part of the equation is null. Finally, the external volume force is
created by the electrostatic field on the electrolyte (F = −F ∑i zici · ∇V ). So




zici · ∇V = 0 (3.4)
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In order to couple these two equations, a third one is required. The Nernst-
Planck equation insures the conservation of mass when chemical species move
into a fluid under an electric field. Under the hypothesis of an incompressible
fluid at equilibrium, it states
∇ · (−Di∇ci − ziuici∇V ) = −u · ∇ci (3.5)
where Di is the ionic species diffusion coefficient and ui their mobility.








Pilus surface Fixed charge density σpilus1 No slip2 No flux3
SiN surface Fixed charge density σSiN No slip2 No flux3
Reservoir boundaries Ground/V0 on thebottom/top reservoir Zero pressure
4 Concentration c = c0
Table 3.2: Boundary conditions. 1SiN surface charge density is null at any
distance over 250 nm from the pore in order to achieve proper convergence near
the reservoir boundaries. 2Wall no slip condition: u=0. 3No normal flux: −n ·
(Di∇ci − ziuici∇V + u · ∇ci) = 0 where n is a vector normal to the surface.
4Outlet with zero pressure: µ(∇u + (∇u)T ) · n = 0, p = 0.
3.4 Mesh definition and convergence
Because the electric potential and the ionic concentrations vary exponentially
from the charged surfaces, the definition of the mesh size is very important for
the convergence of the data. FEOM calculation critically depends on the ac-
curacy of the fluid velocity derivative on the pilus surface. The characteristic
length in this problem is the Debye length, κ−1 = (ε0εrkBT/2NAe2c0)1/2, scale
over which ions screen out the electric field generated by the charged surfaces.
The size of the mesh has to be lower than the Debye length, which is 0.3 nm for
a 1m electrolyte. Figure 3.2 shows that FES rapidly converge to 20.20pN under
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Figure 3.2: Convergence of the electrophoretic and drag forces with
mesh refinement. The mesh size is defined on the pilus and pore charged
surfaces. Default parameters were used. The dashed line is the Debye length
for 1m. FEOM was fitted with an exponential function converging to 22.27pN
(yellow dashed curve).
0.1 nm while FEOM converges more slowly. FEOM values obtained by simula-
tion could be fitted with the exponential function f(x) = W0 + W1eW2x with
W0 = 4.42 pN, W1 = 17.85 pN and W3 = 2.45× 10−9m−1. Hence, FEOM tends
to W0 + W1 = 22.27pN when x goes to 0, i.e. when the mesh size becomes
infinitely small.
Because computation time dramatically increases with mesh size refinement,
a compromise has to be made. I decided to use a mesh size of 0.03 nm on the
pilus and pore surfaces (with a mesh size of 1 nm on the rest of the SiN surface)
and a coarser one in the reservoirs (cf. Figure 3.3). For these parameters,
FEOM = 20.83pN, which is 94% of the limit value. As a result, I will always
multiply the calculated FEOM by
100
94 when the concentration of electrolyte is
1m.
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Figure 3.3: Mesh definition. The mesh is very fine close to the charged surfaces
and coarser in the reservoirs.
3.5 Results
3.5.1 General results
All the results presented here were calculated for TEM pore, but the FIB pore
shows very similar behaviour. The Figure 3.4a shows the characteristic variation
in electric potential within the pore. The membrane perfectly insulates the two
reservoirs. As expected, the negative surface charges on the pilus and the pore
cause a ionic concentration unbalance close to these surfaces, with an accumu-
lation of cations and a depletion of anions (Figure 3.4b). Further away (more
than a Debye length), surface charges are screened and the local concentration
is equal to the bulk concentration. The electrical volume force causes a fluid
electroosmotic flow inside the pore towards the positive voltage (Figure 3.4c).
This flow results in shear stress on the pilus and the dragging force FEOM , which
can be calculated by integration of the flow velocity derivative ∂uz/∂r along the
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pilus wall (Figure 3.4d).
Under these default parameters, FES = 20.99pN and FEOM = 21.48pN.
Hence FEOM/FES > 1, which shows that the situation for a low-charged poly-
mer is very different from what happens with DNA, where FEOM is negligible
compared to FES [50]. Interestingly, the forces appear to be too low to induce
unravelling of the pili (happening under 30 pN to 60 pN).
As previously discussed in 2.3,
FEOM
FES
= 1− 2εε0 [ΦSpilus − ΦSSiN ]
σpilusdpilus ln(dSiN/dpilus)
(cf. 2.6)
Moreover, following the Debye-Hückel model, Ghosal et al. [48] provided
approximate analytical relation





A = 2 σSiN/σpilus K1(κ dpilus/2) + K1(κ dSiN/2)
dpilus(I1(κ dSiN/2)K1(κ dpilus/2) + I1(κ dpilus/2)K1(κ dSiN/2)
B = 2 σSiN/σpilus I1(κ dpilus/2) + I1(κ dSiN/2)
dpilus(I1(κ dSiN/2)K1(κ dpilus/2) + I1(κ dpilus/2)K1(κ dSiN/2)




Figure 3.4: Effect of the electric potential drop on the fluid flow within
the pore. (a) Variation of electric potential in the pore region. V0 = 100mV is
applied on the top reservoir boundary. Ground potential is defined on the bottom
reservoir boundary. (b) Normalized concentration of cations (blue dashed line)
and anions (cyan solid line) in the middle of the pore. Grey vertical dashed lines
were drawn at one Debye length from the pilus (left) and the pore membrane
(right). (c) Fluid velocity (z component) in the middle of the pore. Negative
values correspond to velocity vectors pointing towards the bottom. (d) Fluid
velocity z component derivative with respect to r along the pilus wall.
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I and K are modified Bessel functions of the first and second kinds.
As a consequence, the force ratio strongly depends on the pilus and pore
surface charges, the pore diameter and the electrolyte molarity.
Let me describe with more details the impact of each of these factors and
why the often used Debye-Hückel formalism cannot describe every situation.
3.5.2 Dependence on pore geometry
Simulation data show that the difference between the two forces dramatically
increases for very small pore diameters (Figure 3.5a).
Equation 2.6 states that, if ΦSpilus and ΦSSiN are considered independent
from dSiN , the force ratio should decrease in 1/ln(dSiN/dpilus). However, surface
potentials also depend on dSiN because of the presence of the other charged
surface (the potential does not decrease to zero at an infinite radial distance
from the wall, as visible in A and B expressions). Dashed curves on Figure 3.5a
present the corresponding solution. Unsurprisingly, simulation points are not
well fitted by the analytical curves for small diameter values of charged pores.
As explained in [47], the Debye length cannot be considered independent from
dSiN when this one becomes very small. The proximity of the two negatively
charged surfaces affects the effective cation concentration in the pore, which
becomes higher than c0 (see Figure 3.5b). This decreases the effective Debye
length (the Debye layer is "compressed" by the charged walls). In bigger pores,
the influence is not notable anymore and κ−1 can be considered as constant.
This is why the analytical calculation following Ghosal et al. method gives very




Figure 3.5: Force ratio dependence on pore diameter. (a) Force ratio ver-
sus pore diameter for three different surface charges. Each data point represents
a simulation sampling with Comsol (using default values for all other parame-
ters). Dashed curves were calculated with equation 3.6 as described in [48]. (b)
Normalized concentrations of cations (blue dashed line) and anions (solid cyan
line) in pores measuring 8 nm, 10 nm and 20 nm.
3.5.3 Dependence on surface charges
The electrophoretic force increases proportionally to the absolute pilus surface
charge while the electroosmotic effect depends on both the pilus and the pore
surface charges (more charges leading to a stronger electroosmotic flow). As can
be seen on Figure 3.6, the force ratio increases with the pore surface charge and
generally decreases with the pilus surface charge, except when the pore is not
charged (it then keeps almost constant).
Here again, the discrepancy between the analytical and simulated results
arises from the compression of the Debye layer in a 20nm pore.
3.5.4 Dependence on molarity
The ratio of drag to electrophoretic force seems to decrease with increasing
molarity (Figure 3.7). However, the simulated points are markedly far from the
values predicted by the analytical model: for low molarities, the analytical model
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Figure 3.6: Force ratio versus pilus surface charge for three different
pore surface charges. Each data point represents a simulation sampling with
Comsol (using default values for all other parameters). Dashed curves were
calculated with equation 3.6 as described in [48].
breaks down, while for high molarities numerical calculation is not accurate.
These limitations come from the fact that the length of the Debye layer negatively
correlates with the electrolyte concentration.
For high concentrations, the Debye layer gets very thin and the simulation
would require a finer mesh to give a good estimate. We already know that
FEOM/FES is only 94% of its value for [KCl]=1m, and it is even more underes-
timated for [KCl]=3m.
On the contrary, for low electrolyte concentration, the Debye layer becomes
very large. The mesh is then perfectly adapted but the analytical model breaks
down because it does not take into account the compression of the Debye layer by
the pore wall (κdSiN decreases, leading to a situation similar to the one described
in Figure 3.5a when dSiN becomes very small).
As a result, the force ratio remains almost constant with molarity.
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Figure 3.7: Force ratio versus electrolyte molarity. Each data point rep-
resents a simulation sampling with Comsol (using default values for all other
parameters). The dashed curves were calculated with equation 3.6 as described
in [48].
3.5.5 Capture region
I now have a good description of the force balance within the pore. However,
in order for translocation to happen, the pilus has to be captured by the pore.
By vertically moving the centre of the pilus away from the pore, I can see how
forces decrease. Figure 3.8 shows how both FEOM and FES could be fitted by a
logistic function f(x) = base+max/(1−e−(x−xhalf )/rate). Interestingly, both fits
used the same xhalf = 50±0.1nm, meaning both forces had decreased by half
when the bottom tip of the pilus was in the centre of the pore. In the reservoir,
the work provided by FES − FEOM has to be compared to the thermal energy.
A rough estimate gives
Ethermal ' kBT = 1.38× 10−23 × 300 ' 5× 10−21 J
and
WFES−FEOM = (FES − FEOM ) ∗ lc ' 0.1× 10−12 × 100× 10−9 = 1× 10−19 J
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Figure 3.8: Force ratio versus pilus centre z position. Each data point
represents a simulation sampling with Comsol (using default parameters except
for dSiN = 10nm). Dashed curves represent data fit with logistic functions (for
FES , base = 21.6pN, max = −21.7 pN, xhalf = 50.1 nm and rate = 7.4 nm; for
FEOM , base = 26.6 pN, max = −26.7pN, xhalf = 49.9 nm and rate = 6.9nm).
where lc, a characteristic length of the problem, was taken as lc = 100 nm. So
the work furnished by the forces to move the pilus by lc becomes higher than
the Brownian motion when it nears the mouth of the pore, supporting the idea
of a capture region.
3.6 Comparison with experimental data
I can now use this simulation to get a deep insight into the pilus translocation
kinetics. The parameters used for this computation are given on Table 3.3. The
pilus and wall charge densities were chosen to be respectively −10mCm−2 and
−60mCm−2 to reflect the basic conditions of the experiment (pH=11). The
value might range between −5mCm−2 and −10mCm−2 for the pilus.
The forces were found to be FEOM = 28.3 pN and FES = 24.5 pN. Because,
FEOM > FES , the pilus should indeed translocate towards the positive electrode,
as seen in the experiment.
A first approximation of vtrans can then be calculated rewriting the equation
49
Reference This work [47]
Particle Type 1 pilus DNA
Dimensions 7×211 nm 2.2×16 000nm??
Charge density (mCm−2) ∼ −10 −136
Pore dimensions 40×80 nm 5×60nm
Charge density (mCm−2) -60 -30
KCl concentration (m) 1 0.02
pH 11 8
Voltage (mV) 120 80
Direction of translocation + → - - → +
Experimental vtrans (mms−1) −4.6 15
Calculated FES (pN) 24.5 68.4
Calculated FEOM (pN) 28.3? 51.5
Analytical vtrans (mms−1) −13 37
Calculated vtrans (mms−1) −5.5 38
Table 3.3: Comparison of experimentally determined translocation ve-
locities with calculation results. vtrans can be calculated by using equa-
tion 2.8 or by directly tuning the pilus vertical mobility on Comsol until
FEOM = FES . ?The value was multiplied by 100/94 to take into account the
very short Debye length. ??The Kuhn length l=100 nm was used for simulation.




(FES − FEOM ) (3.7)
This formula gives a translocation velocity vtrans = −13mms−1. In order to
get a better approximation, this value can be injected in the numerical model as
the pilus wall velocity. Since the pilus is now moving, the calculated drag force
Fdrag is equal to FEOM −FStokes. The new Fdrag value has to be compared with
FES and the pilus velocity adjusted until Fdrag = FES . When this condition is
reached, the pilus velocity should be a very good approximation of the translo-
cation velocity. For the parameters described in Table 3.3, the final vtrans is
−5.5mms−1.
In the experiment, the mean translocation time was µ(τ) = 46µs (cf. 2.2).
For a pilus having the mean pilus length (µ(lpilus) = 211 nm), the velocity of
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translocation is then
vtrans = − lpilus
τ
= −4.59mms−1
Experimental and calculated translocation velocities are in very good agree-
ment. The difference between the two values must arise from the imprecision in
surface charge density for both the pilus and the membrane.
Similar calculations were performed and compared with data acquired from
DNA experiments by Van Dorp et al. [47]. In this case the correspondence was
less precise: experimental vtrans = 15mms−1 while calculated vtrans = 38mms−1
— this was probably due to charge condensation on DNA molecules, lowering
the effective charge.
3.7 Discussion
I believe it is necessary to fully understand the whole breath of polymer dynam-
ics in the nanopores, since proteins could have a wide range of sizes, shapes and
surface charges. Extensively investigated DNA translocation is only a special
case for highly charged polymer (see Figure 3.9), and we need to generalize our
theoretical models and considerations. So far, very few groups have claimed
to observe electroosmotically driven polymer translocation through solid-state
nanopores (this work and [45]). However, this behaviour should be very fre-
quent, specifically when working at pH close from the proteins isoelectric point.
This shows the importance of carefully characterizing the polymer surface charge
(which cannot be only approximated from its amino acid sequence).
Moreover, no numerical model had been exploited to describe low-charged
polymer translocation behaviour. My work gains deep insight into the force bal-
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Figure 3.9: Translocation behaviour dependence on polymer and pore
surface charges. Translocation behaviour was described for type 1 pili
(this work), DNA [47], bovine serum albumin (BSA) [17, 18], avidin [45], β-
lactoglobulin (βLGa) [19] and maltose binding protein (MalE) [20]. Each poly-
mer is plotted on the graph according to its approximate surface charge and the
translocation behaviour observed. Arrows in the insets represent FES (left) and
FEOM (right). The blue zone delimits translocation towards the negative elec-
trode while the green zone delimits translocation towards the positive electrode.
ance and describes the conditions leading to FEOM > FES .
In order to experimentally study the effect of the polymer surface charge
density on translocation behaviour, it would be of considerable interest to have
at our disposal two specimens with different surfaces charges, all other things
remaining perfectly equal (same shape, same mechanical properties, etc). This
seems possible with type 1 pili, which are FimA protein complexes. Indeed,
a carefully-chosen point mutation in FimA could lead to a significant protein
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charge increase without changing its structure.
53
Chapter 4
Increase of FimA charge by
point mutations
By switching a well-exposed positive amino acid for a negative one as shown in
Figure 4.1, a point mutation in FimA may result in a significant pilus surface
charge increase, hopefully not modifying its structural properties.
Figure 4.1: Replacement of positive amino acids by negative ones.
Changing a lysine for a glutamate will results in +2 electrons per FimA.
Mutations were introduced using Red recombinase recombineering (cf. Fig-
ure 4.2a and material and methods 1.4). A two-step strategy with positive and
negative selection steps allows for allelic replacement (cf. Figure 4.2b and [40]).
Wild-type FimA is first replaced by the kan-PrhaB-relE selection cassette. Kan
is a resistance gene for kanamycin, while relE is a toxic gene under rhamnose-
inducible PrhaB promoter: as a result, bacteria carrying this cassette will be
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(a) (b)
Figure 4.2: Two-step cloning strategy using lambda-red recombination.
(a) pKM208 helper plasmid [39] is transformed into the target strains so they
can produce red and gam proteins under IPTG induction. (b) Step 1. FimA is
subjected to double crossover recombination (crossing lines) with a PCR product
(thick baseline) containing the positive-negative selection cassette kan-PrhaB-
relE. Double crossover recombination is made possible by the presence of FimA
homologous regions flanking the cassette (grey regions). Kanamycin is used
for positive selection of the product strain SLC-721. Step 2. A PCR product
carrying the desired mutant allele of FimA and flanked by homology regions is
subjected to double crossover recombination so it reintegrates the original locus.
Strains carrying the new mutant allele are negatively selected by plating on
rhamnose.
resistant to kanamycin but sensitive to rhamnose. In a second step, the selec-
tion cassette is replaced by the mutant allele.
4.1 FimA knock-out
The positive-negative selection cassette flanked with FimA homology regions
(approximately 3 kb) was obtained by PCR as explained in material and methods
(cf. Figure 4.3a).
SLC-716 (SLC-490/pKM208 strain, see Table 1.1) was then transformed with
the cassette and bacteria in which recombination happened were selected by
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(a) (b) (c)
Figure 4.3: FimA knock-out by double crossover recombination: posi-
tive selection. (a) Extension PCR product. Lane 1: PCR product from pSLC-
217 template with P1 and P2 universal primers (50 bp FimA homology). A 3 kb
band is expected. Lane 2: 2-log DNA ladder. (b) Phenotypic confirmation (or
negation) of FimA knock-out. Transformed strains were plated on kanamycin
(left) and rhamnose (right) to confirm their resistance to kanamycin and sen-
sibility to rhamnose. (c) PCR confirmation of FimA knock-out. Lane 1: 2-log
DNA ladder. Lanes 2-4: PCR products from strains 2, 3 and 5 (relE-specific
primer and P5, 1 kb to 2 kb-band expected).
plating on kanamycin. 12 colonies were replated on kanamycin and rhamnose:
11 of them confirmed their resistance to kanamycin, among which 4 were false
positive (non-sensitive to rhamnose) (cf. Figure 4.3b). The presence of the
cassette at FimA locus was confirmed by colony PCR in three strains, using a
relE specific forward primer and P5 (reverse primer corresponding to a region
located approximately 200 bp downstream FimA, cf. Table 1.3) (cf. Figure 4.3c).
One of the strains was kept at −80 ◦C as SLC-721.
4.2 FimA single point mutations
4.2.1 Targets selection
The target amino acid has to be chosen according to two criteria:
1. it shall preferably be a positive amino acid (switching a positive amino
acid to a negative one will result in +2 electrons per FimA while switching
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Figure 4.4: Target amino acids. Top view of the pilus structure, represented
by six FimA subunits (PDB ID: 2MX3, [32]). The centre of the image is the
centre of the pilus helix. Coloured amino acids were targeted for single point
mutations.
a neutral for a negative one will only result in +1 electron per FimA);
2. it shall be exposed to the surface of the type 1 pilus.
The second condition was studied thanks to the available hybrid structure
of type 1 pilus [32]. The six amino acids chosen on these criteria are shown on
Figure 4.4.
4.2.2 Strains creation
I will describe here results collected when creating the strain carrying the K93E
mutation on FimA locus. All other mutations were obtained from the same
protocols with similar results.
The new FimA allele carrying the K93E mutation was realized by two ex-
tension PCR followed by an overlap PCR (cf. Figure 4.5a and Table 1.3 for the
primers):
1. First extension PCR FimA template with P12 (FimA forward primer
carrying K93E mutation) and P4 (FimA reverse primer)
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(a) (b) (c)
Figure 4.5: Obtaining the PCR product carrying the mutant FimA
allele. (a) The black colour symbolizes wild-type DNA while the blue colour
highlights the insertion of the K93E mutation. Steps 1 and 2. Extension PCR:
amplification of the necessary fragments using wild-type FimA as template and
a set of two primers (P4 and P12 or P3 and P13). Step 3. Overlap PCR using
PCR products from steps 1 and 2 as template and P3 and P4 as primers. (b)
Extension PCRs products. Lane 1: 2-log DNA ladder. Lanes 2 and 3: PCR
product from reaction 2 (300 bp-band expected) and 1 (213 bp-band expected)
respectively. (c) Overlap PCR product. Lane 1: 2-log DNA ladder. Lanes 2 :
PCR product from reaction 3 (463 bp-band expected).
2. Second extension PCR FimA template with P13 (FimA reverse primer
carrying K93E mutation) and P3 (FimA forward primer)
3. Overlap PCR PCR products from the two previous PCR as templates
with P3 and P4 primers
The final overlap PCR product was transformed into SLC-722 (SLC-721/pKM208).
Bacteria in which double cross-over recombination happened were negatively
selected by plating them on rhamnose (growing colonies are not sensitive to
rhamnose anymore, which means they do not carry relE toxic gene under PrhaB
regulation anymore, which means they have experienced recombination as made
explicit on step 2, Figure 4.2b). This phenotype was confirmed by plating on
rhamnose and on kanamycin (bacteria which experienced recombination do not
carry the kanamycin resistance gene anymore, hence do not grow on kanamycin).




Figure 4.6: Insertion of the mutant allele in FimA locus: negative se-
lection. (a) Phenotypic confirmation of the cassette replacement. Transformed
strains (MR1-63-K93E-1 and 2) were plated on kanamycin (left) and rhamnose
(right) to confirm their sensitivity to kanamycin and resistance to rhamnose.
SLC-490 (wild-type strain) and SLC-721 (FimA knock-out) were streaked as
controls. (b) PCR confirmation of mutant allele insertion. Lane 1: 2-log DNA
ladder. Lane 2-4: PCR product from SLC-490, MR1-63-K93E-1 and 2 respec-
tively (primers P3 and P4, 463 bp-band expected). (c) Sequence confirmation of
mutant allele insertion. The nucleic acids corresponding to the 93th amino acid
are highlighted in yellow. The rest of FimA locus shows 100% similarity with
the wild-type sequence.
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A test PCR with primers P3 and P4 confirmed that the cassette had been
replaced by the mutant allele (same band size as the wild-type strain). Prod-
ucts were sent for sequencing and showed a 100% similarity with the expected
sequence (cf. Figure 4.6c). The first strain was kept at −80 ◦C as SLC-778.
4.2.3 Mutants characterization
The inserted mutation in FimA sequence might affect the type 1 pili production
(FimA may be unstable, unable to interact with FimC or FimD or unable to
form a stable pilus structure). This was checked with a hemagglutination as-
say: if bacteria produce type 1 pilus, they are able to agglutinate guinea pig
red blood cells and this behaviour is mannose-dependent (the lectine domain on
FimH binds to mannose receptors on red blood cells). An example of hemag-
glutination microtitre plate is presented on Figure 4.7a. Wild-type and R63E
mutant strains display mannose-dependent red blood cell agglutination (hemag-
glutination titre is 8 without mannose and 0 with mannose), while SLC-721
FimA knock out strain displays mannose-independent red blood cell agglutina-
tion (hemagglutination titre are both equal to 5 with and without mannose).
Residual hemagglutination behaviour in SLC-721 may be explained by the pro-
duction of other types of pili. All mutant strains show hemagglutination titres
similar to the wild-type strain (cf. Figure 4.7b).
Pili could be purified from the mutant strains and zeta potential measured
in order to gain access to the mutant pili surface charge density. Results are
shown in Figure 4.8. Out of six mutants, only two exhibited a significantly
lower zeta potential. The greatest difference was obtained for K109E, with
ζpilusK109E = 135% ζpilusWT .




Figure 4.7: Single amino acid mutants pili production. (a) Example of a
hemagglutination assay microtitre plate. In the left plate, bacteria and guinea
pig red blood cells were mixed in PBS, while in the right plate mannose was
added. Hemagglutination titre due to type 1 pili is calculated as the titre in
PBS minus the titre in mannose (here, 8-0=8 for SLC-490 and SLC-723, 5-5=0
for SLC-721). (b) Hemagglutination titres due to type 1 pili in indicated strains.
Figure 4.8: Single amino acid mutants pili zeta potential. Data point
were obtained from three repeated measures on the same sample with a Zetasizer
Nano ZS (Malver Instruments). Horizontal bars are mean values. ∗, p<0.005
(two-tailed T-test between wild-type and mutant strains).
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decrease. I hence tried to develop different strategies to achieve a more radical
change in surface charge.
4.3 Other mutations
I designed and tried two different strategies:
• The first strategy consists in combining two or more of the single mutations
previously described;
• The second strategy consists in mutating several neighbouring amino acids
to negative ones.
4.3.1 First strategy
Knowing the effect of single-point mutations in terms of pilus production and
surface charge, I decided to try to sum up these effects. Strains carrying the
mutations R63E-K68E and K93E-K109E were created as previously explained
for single-point mutations, using primers P22, P23, P24 and P25, which carry
the two mentioned single-point mutations. Mutation R63E-K68E-K93E-K109E
was achieved by adding a extra-step in the extension and overlapping PCR:
1. First extension PCR FimA template with P3 (FimA forward primer)
and P23 (FimA reverse primer carrying R63E and K68E mutations);
2. Second extension PCR FimA template with P22 (FimA forward primer
carrying R63E and K68E mutations) and P25 (FimA reverse primer car-
rying K93E and K109E mutations);
3. Third extension PCR FimA template with P24 (FimA forward primer
carrying K93E and K109E mutations) and P4 (FimA reverse primer);
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(a) (b)
Figure 4.9: Multiple amino acids mutants pili production. (a) Hemagglu-
tination titres due to type 1 pili in indicated strains. (b) Type 1 pili western blot.
Lane 1: 10 kDa to 245 kDa prestained protein ladder. Lane 2-6: WT, FimA KO,
R63E-K68E, K93E-K109E and R63E-K68E-K93E-K109E cells boiled with acid
for 10min and stained with type 1 pilus antibodies. A single protein band of
18 kDa (FimA mass) is expected for strains producing pili.
4. First overlap PCR PCR products from the extension PCRs 1 and 2 as
templates with P3 and P25 primers;
5. Second overlap PCR PCR products from the extension PCR 3 and first
overlap PCR as templates with P3 and P4 primers.
All desired strains could be constructed. However, two out of three were
not able to produce pili anymore, as underlined by hemagglutination titres and
western blot (Figure 4.9). Mutant K93E-K109E presented a phenotype similar
to wild-type strain, while mutants R63E-K68E and R63E-K68E-K93E-K109E
did not show hemagglutination of guinea pig red blood cells neither the presence
of FimA protein.
The mutant K93E-K109E was characterized in terms of pilus surface charge.
Unexpectedly, it showed no zeta potential difference with the wild-type pili (Fig-
ure 4.10). I would have expected K93E-K109E pili to have a zeta potential infe-
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Figure 4.10: Multiple amino acids mutants pili zeta potential. Data point
were obtained from five repeated measures on the same sample with a Zetasizer
Nano ZS (Malver Instruments). Horizontal bars are mean values. ∗, p<0.005
(two-tailed T-test between wild-type and mutant strains).
rior or equal to K109E pili. The measurement should be repeated. If this result
is confirmed, it could mean that zeta potential measurements are not reliable
or that the combination of K93E and K109E mutations changes FimA protein
structure in a synergistic way, hiding negative charges or exposing positive ones.
4.3.2 Second strategy
Because K109E mutant exhibited the lowest zeta potential of all mutant strains, I
made the hypothesis that K109 was the most suitable mutation site for increasing
FimA charge. As a result, I decided to try to mutate neighbouring amino acids
which appeared to be exposed (S105 to K109 or T101 to K109, cf. Figure 4.11)
into aspartate.
These mutations were achieved as previously explained for single point muta-
tions. However, mutant strains were not able to produce type 1 pilus anymore,




Figure 4.11: T101 to K109 amino acids in FimA. Top (a) and side (b)
views of the pilus structure (PDB ID: 2MX3, [32]) Black amino acids (K109
neighbours) were targeted in the second strategy.
4.4 Discussion
The highest difference in pilus surface charge density was observed for the mu-
tant K109E. Despite many attempts using several strategies, I was not able to
decrease it more dramatically.
Unfortunately, due to unforeseen closure of nanofabrication facilities and
resulting delays in nanopore fabrication, I was not able to perform any translo-
cation experiment with these K109E mutant pili. Here are the results I might
have observed, depending on the amplitude of the surface charge variation:
• High surface charge decrease: translocation towards the positive
electrode This result would imply that the mutant pilus surface charge is
higher than the SiN wall surface charge, which is unlikely, based on zeta
potential results.
• Medium surface charge decrease: slower translocation Because the
mutant pilus surface charge is more negative than the wild-type one, the
ratio FEOM/FES gets closer to 1 (cf. Figure 3.6) and the translocation
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velocity decreases.
• Low surface charge increase: no visible difference If the effect is too
small, the change in velocity will not be observable due to the very wide
distribution in pili sizes.
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Conclusion and outlook
I studied nanopore translocation dynamics for type 1 pilus proteins in order to
extend the nanopore DNA sequencing technologies to the general protein and
biopolymer sequencing.
Type 1 pili are rod-shape protein complexes with uniform surface charge and
manageable tendency to avoid aggregation, which makes them a suitable model
system for investigation of the translocation of the low-surface-charge polymers.
We observed translocation of type 1 pili through SiN nanopores, which was
not yet reported in the literature. Surprisingly, pili happened to thread through
the nanopore in opposite direction to electrophoretic force, contrary to what is
observed for DNA. This rarely studied behaviour was hypothesized to be caused
by an important drag force induced by electroosmotic flow.
This assumption was thoroughly tested with the help of finite-elements nu-
merical modelling. The simulation confirmed the dominance of the electroos-
motic force over the electrophoretic in the case of type 1 pilus experiments.
Furthermore, I was able to establish more general results regarding the FEOM to
FES ratio dependence in pore diameter, polymer and pore surface charges and
molarity. To my knowledge, this is the first time a simulation model focuses on
the major force exerted by electroosmotic flow on low-charged polymers.
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Having at my disposal another pilus protein with the same geometry but
much higher surface charge could establish a firm experimental support to our
simulation results. Pursuing this track will in the future strengthen this entire
study. Future studies could also aim at changing the pore surface charge.
To conclude, we find that a much greater attention should be devoted to
electroosmotic flow in proteins translocation studies, as the resulting drag force
cannot always be neglected as it was for DNA studies. In the regime of low
polymer charge, electroosmotic force is not only non-negligible but dominant,
having a serious implication of designing the future techniques for the protein
sequencing with nanopores. My work also shows the importance of developing
new theoretical models for biopolymer sequencing with solid-state nanopores.
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